A series of molecular and geochemical studies were performed to study microbial, coal bed methane formation in the eastern Illinois Basin. Results suggest that organic matter is biodegraded to simple molecules, such as H 2 and CO 2 , which fuel methanogenesis and the generation of large coal bed methane reserves. Small-subunit rRNA analysis of both the in situ microbial community and highly purified, methanogenic enrichments indicated that Methanocorpusculum is the dominant genus. Additionally, we characterized this methanogenic microorganism using scanning electron microscopy and distribution of intact polar cell membrane lipids. Phylogenetic studies of coal water samples helped us develop a model of methanogenic biodegradation of macromolecular coal and coal-derived oil by a complex microbial community. Based on enrichments, phylogenetic analyses, and calculated free energies at in situ subsurface conditions for relevant metabolisms (H 2 -utilizing methanogenesis, acetoclastic methanogenesis, and homoacetogenesis), H 2 -utilizing methanogenesis appears to be the dominant terminal process of biodegradation of coal organic matter at this location.
Isotopic signatures of methane accumulations in coals (56) , shales (31) , biodegraded oils (2, 34) , and ocean floor sediments (35) demonstrate that much subsurface methane production results from microbial activity. Coal is extremely rich in complex organic matter (OM) and therefore could be considered a very attractive carbon source for microbial biodegradation. However, coal is a solid rock, often dominated by recalcitrant, partially aromatic, and largely lignin-derived macromolecules which tend to be relatively resistant to degradation. The ratelimiting step of coal biodegradation is the initial fragmentation of the macromolecular, polycyclic, lignin-derived aromatic network of coal. Lignin degradation can be achieved by extracellular enzymes used by fungi and some microbes (11, 14) , and it has also been shown that up to 40% of the weight of some coals can be dissolved using extracted microbial enzymes (47) . Furthermore, numerous microbiological studies have developed enrichments capable of anaerobic degradation of methylated and ethylated aromatic compounds (1, 5, 9, 20, 26, 57) or even polycyclic aromatic hydrocarbons (6, 7, 8, 33) .
Methane generation from coal by microbial consortia has been documented previously. For example, microflora present in water leached from coal mines were shown to generate methane (56) . Furthermore, a methane-generating consortium extracted from coal was observed to grow on low-volatile bituminous coal as a sole carbon source (50) . A microbial community may also target the dissipated oil droplets that can be generated from coal by anaerobically degrading long-chain n-alkanes, the main constituents of nonbiodegraded oil (2, 57, 62, 64) .
Several lines of geochemical evidence point to a microbial rather than a thermogenic origin of coal bed methane (CBM) along the eastern margin of the Illinois Basin, including the following: (i) very high values of C 1 /(C 2 ϩC 3 ) ratios, typically Ͼ10 3 ; (ii) stable isotopic signatures of methane ␦ 13 C CH4 typically ϽϪ60‰ and ␦D typically about Ϫ200‰; and (iii) positive values of ␦ 13 C CO2 resulting in ⌬ 13 C CO2-CH4 values greater than 60‰, indicative of microbial H 2 -utilizing methanogenesis (53) . The goals of the current study were to confirm the presence of methanogens in Illinois Basin coals and, using culture-dependent and culture-independent methods, to explore the complexity of the microbial communities required for complex OM biodegradation.
MATERIALS AND METHODS
Sampling site. Coal water samples were collected from CBM-producing wells of a small production field in western Indiana, along the eastern margin of the Illinois Basin (Fig. 1 ). Our sampling target was the Seelyville Coal Member at a depth of 95 to 110 m. This coal contains significant reserves of biogenic methane, approximately 3 cm 3 /g, which corresponds to a total of 30 ϫ 10 9 m 3 in the Indiana part of the Illinois Basin (30, 53) . The CBM wells coproduce significant quantities of water. Average in situ conditions at the depth studied are as follows: moisture content from 4 to 12% of total weight, pH from 7.5 to 8.8, E h from Ϫ330 to Ϫ410 mV, temperature from 16.0 to 17.5°C, salinity from 1 to 12 g/liter, and oxygen content below the detection limit (1 mg/liter). The sampled coal is highly fractured, with a high permeability of ϳ40 millidarcy and an average fracture density (including cleats) of 340 fractures/m (52) . In addition to largescale fractures and cleats (apertures from 4 to 250 m), the main population (74%) are microfractures with apertures of Ͻ4 m.
Sample collection for enrichment experiments. Prior to water sampling, 2-liter bottles were autoclaved and 1 ml of 1% resazurin, a redox indicator, was added. Forty milliliters of a reducing-agent mixture (1.25% cysteine-1.25% Na 2 S) was added inside an anaerobic chamber, and the bottles were subsequently purged with argon. Water for microbial enrichments was collected from three CBMproducing wells (INS-P8, INS-P11, and INS-P10) at 60-to 105-m depths during measurements of physicochemical properties of coal waters (53) done using a multifunctional probe equipped with a flowthrough chamber (YSI 600XL; Yellow Springs Instruments, Inc., Yellow Springs, OH). The chamber was purged for ϳ10 min until the physicochemical parameters of the water (i.e., specific conductivity, pH, E h ) stabilized and oxygen levels were below detection limits. The outlet of the flowthrough chamber was then attached to one of two inlets of the 2-liter sample bottle equipped with double-port rubber stoppers. At the same time, sterile-filtered argon overpressure was applied to the other bottle inlet to prevent O 2 intrusion. After several seconds, the sampling bottle outlet was opened to release overpressure created by inflowing water and argon. The bottle outlet was closed after sample collection, and the redox indicator showed successful anoxic sampling.
Enrichments. Aliquots of sample water (2 liters) were passed through sterile 0.22-m membrane filters (Whatman) in an anaerobic chamber. For enrichment of H 2 -utilizing methanogens, the filters were placed in 120-ml serum bottles containing 50 ml of prereduced anaerobic medium and crimp sealed with butyl rubber stoppers (Bellco Glass, Inc., Vineland, NJ). The basal medium contained the following (in g/liter): KCl (0.335), MgCl 2 ⅐ 2H 2 O (2.75), MgSO 4 ⅐ 7H 2 O (3.45), NH 4 Cl (0.25), CaCl 2 ⅐ 2H 2 O (0.14), K 2 HPO 4 (0.14), NaCl (11.0), and yeast extract (1.0) (Difco). In addition, the medium contained 10 mM HEPES buffer (pH 7.5), 0.001% resazurin, 1 ml of 0.2% Fe(NH 4 ) 2 (SO 4 ) 2 , 40 ml of 1.25% cysteine-1.25% Na 2 S, and 10 ml/liter each of trace metals and vitamin solutions. (36) , and 10 ml/liter of 25% HCl. The vitamin solution contained the following (in mg/liter): biotin (2), folic acid (2), pyroxidine HCl (10), thiamine HCl (5), riboflavin (5), nicotinic acid (5), lipoic acid (5), lipobenzoic acid (5), and vitamin B 12 (0.1). The headspace of enrichment bottles contained oxygen-free H 2 :CO 2 (4:1, vol/vol) at 10 5 Pa (ϳ1 atm) overpressure. Headspace gases were replaced weekly, and 10% of the volume of the enrichments was transferred to fresh medium every 2 to 3 weeks. Beginning with the third transfer, the medium was amended with alternating pairs of antibiotics (either penicillin G and kanamycin or streptomycin and vancomycin) to inhibit growth of eubacteria. Concentrations of penicillin G, kanamycin, streptomycin, and vancomycin were 80, 80, 60, and 100 g/ml, respectively. After eight transfers, we reduced the volume of enrichments to 5 ml and used Balch tubes instead of serum bottles. After a series of 15 transfers, we attempted to isolate pure cultures by using both roll tube (23) and bottle plate (17) methods but colonies produced on solid medium were very small and multiple attempts to transfer viable colonies back to liquid culture were unsuccessful.
Additional enrichments were prepared for acetoclastic methanogens and homoacetogens. For the former, the medium described above was modified by addition of 50 mM sodium acetate and use of N 2 as the headspace gas. For the latter, we amended the original medium with the methanogen inhibitor 1 mM 2-bromoethanesulfonic acid and did not add antibiotics. The headspace was H 2 :CO 2 (4:1, vol/vol) at 10 5 Pa overpressure. Enrichments were tested for methane generation biweekly by use of gas chromatography with a flame ionization detector. Periodically, methanogenic enrichments were also tested for the presence of coenzyme F420 by use of epifluorescence microscopy (58) . A highly purified enrichment showing plentiful methane production and coenzyme F420 fluorescence was selected for scanning electron microscopy (SEM) imaging. Selected enrichments were also evaluated for the rate of substrate consumption by use of gas chromatography/mass spectrometry to observe changes in the headspace CH 4 /CO 2 ratios over the time of the enrichment's growth.
DNA extraction. Twenty milliliters of enrichment culture (from the fifth transfer of the H 2 -utilizing and third transfer of the acetoclastic methanogens) was centrifuged (10 min, 7,000 rpm, 7°C) to collect cells for DNA extraction. For analysis of the in situ microbial community, cells contained in 8 liters of coal water were collected by filtration through two stacked, sterile, 1.0-m glass fiber filters (Whatman). The filters were kept at Ϫ20°C until extraction. The DNA extraction procedure was the same for both the cell pellet and the filter. For the filter extraction, 1 ⁄4 of the filter was used. Resuspension of the cells in 2-ml vials was achieved by adding a solution of buffer P1 (50 mM Tris-Cl, 10 mM EDTA, 100 g/ml RNase A; Qiagen) and chloroform (1:1, vol/vol) and was followed by centrifugation (8 min, 12,000 rpm, 4°C). Cells were lysed by addition of 20 l of 10% pyrophosphate and lysozyme (900 U/ml final concentration) and incubation for 40 min at 37°C. Afterwards, proteinase K (2 mg/ml) and 10 l of 20% sodium dodecyl sulfate were added. The vials were stored at 50°C for 30 min. To wash and concentrate DNA, phenol-chloroform-isoamyl alcohol and 0.3 g of acidwashed silica beads were added. The mixture was vortexed at 6,000 rpm for 2 min and centrifuged for 3 min at 12,000 rpm, and the top aqueous phase was extracted once more with phenol-chloroform-isoamyl alcohol. DNA in the extracted aqueous phase was precipitated overnight at Ϫ20°C with 1:1 (vol/vol) isopropanol and 0.1 (vol) Na acetate. The DNA was subsequently purified using the Qiaex agarose gel extraction protocol (Qiaex II handbook; Qiagen).
16S rRNA analysis. Purified DNA was amplified by PCR using the universal primers 1492r and 533f. The PCR began with initial melting at 94°C for 5 min, followed by 30 cycles of 94°C for 45 s, 50°C for 45 s, and 72°C for 2 min and a final elongation at 72°C for 20 min. Although PCR amplification was additionally attempted using several other primer sets (archaeal 21f and 958r, mixed archaeal 21f and universal 1492r), only universal primers 533f and 1492r yielded PCR products.
PCR products were cloned into pCR4-TOPO plasmids and transferred into competent OneShot Mach1 Escherichia coli cells as specified by the manufacturer (TOPO TA cloning kit; Invitrogen). Following growth on LB agar supplemented with 50 g/ml kanamycin, isolated colonies were picked for colony PCR. We selected 48 colonies containing plasmids with DNA from the highly purified, methanogenic enrichments and 65 colonies containing plasmids with DNA extracted from the coal water. DNA from picked colonies was amplified using M13 primers. The amplification parameters were as follows: initial heating to 80°C for 2 min and melting at 95°C for 7 min, followed by a series of annealing steps at different temperatures (two steps at 60°C, two at 58°C, two at 56°C, two at 54°C, two at 52°C, and 25 at 50°C). All annealing steps were preceded by a melting step at 95°C for 30 s and followed by an elongation step at 72°C for 1.5 min. The final elongation was at 72°C for 20 min, followed by cooling down to 4°C. Colony PCR products were purified by using a QIAquick PCR purification kit 250 (Qiagen) according to the manufacturer's protocols.
Sequencing and phylogenetic analysis. Plasmids were sequenced at the Penn State University Biotechnology Center by using T3 and T7 primers. Partial sequences were assembled and bases manually checked using the CAP application of the BioEdit software (16) . The chimera check was performed using the 
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Bellephoron software (22) . Sequences were then submitted to the NCBI BLAST internet library to compare levels of similarity to known phylotypes. All sequences were aligned using the ClustalW application in the BioEdit software (16) . Additionally, Methanosarcina sp., as well as species from the Methanocorpusculaceae family and several bacterial species, were selected for phylogenetic analysis. A phylogenetic tree was constructed in the MEGA 3.1 software (29) using the neighbor-joining method (substitution method, p distance; bootstrap, 3,000 replicate trees). IPLs. Intact polar lipids (IPLs) of the microbial cell membranes were extracted using a modified Bligh-Dyer extraction protocol (60) . The cell pellets obtained from 20 ml of the methanogenic enrichment were sonication extracted three times with 1:2:0.8 dichloromethane (DCM):methanol:phosphate buffer (8.7 g/ liter KH 2 PO 4 , pH 7.4) and three times with 1:2:0.8 DCM:methanol:trichloroacetic acid buffer (50 g/liter). Supernatants were combined to a separatory funnel where separation of organic and aqueous phases was achieved with addition of DCM and 5% NaCl in preextracted water. The organic phase was collected, and the aqueous phase was washed three times with DCM and then added to the organic fraction. The pooled organic phase was dried over Na 2 SO 4 , and the solvent lipid extract was dried under a stream of nitrogen gas, stored at Ϫ80°C, and shipped frozen to Bremen, Germany, for analysis.
The lipid components in the total lipid extract were separated according to head group polarity by use of high-performance liquid chromatography (HPLC) techniques described previously (3, 55) . Briefly, lipid material was dissolved in DCM-methanol (1:1, vol/vol) and injected into a LiChrospher Diol-100 column (150 by 2.1 mm, 5 m; Alltech GmbH, Germany) equipped with a guard column of the same packing material by use of a ThermoFinnigan Surveyor HPLC system (ThermoFinnigan, Bremen, Germany). HPLC-mass spectrometry experiments were performed using a ThermoFinnigan LCQ Deca XP Plus ion-trap mass spectrometer (ThermoFinnigan, Bremen, Germany) with an electrospray ionization interface in data-dependent ion-tree mode with automatic fragmentation up to MS 3 . Compound classes were identified based on characteristic molecular ions and daughter ion fragments identified previously (27, 28, 55) .
Analysis of H 2 and acetate concentrations. The H 2 concentration was analyzed using a Peak Performer 1 gas analyzer (Peak Laboratories, LLC, California) equipped with a reducing compound photometer. Gas samples were taken from serum bottles by use of a gas tight syringe and diluted to a concentration less than 10 ppm for injection. Measurements on replicate samples generally have a precision of about Ϯ1 ppm. Measured gas-phase partial pressure values were converted to pore water concentration by use of solubility constants corrected for temperature and salinity (10) .
Coal water samples for acetate concentration analysis were stored frozen until measurement. Acetate concentrations were obtained during isotopic analysis of acetate (values not reported due to very low acetate concentrations) according to a published protocol (18) by use of a ThermoFinnigan Surveyor HPLC coupled to a ThermoFinnigan Delta Plus XP isotope ratio mass spectrometer via the Finnigan LC IsoLink interface. Separation of acetate was achieved on a Nucleogel Sugar 810 H column (200 by 1.8 mm; Macherey-Nagel, Germany) equipped with a CC30/4 Nucleogel Sugar 810 H guard column (30 by 4 mm; MachereyNagel, Germany). Degassed aqueous phosphate buffer (5 mM) was used as a mobile phase with a flow rate of 300 l/min. The oxidation reagent, converting acetate to CO 2 , was a solution of sodium peroxodisulfate in phosphoric acid (3 g Na 2 S 2 O 8 , 10 ml H 3 PO 4 , 300 ml MilliQ) pumped at a flow rate of 60 to 80 l/min. Absolute values of acetate concentration were determined relative to external calibration by use of peak areas of acetate-derived CO 2 signal recorded by isotope ratio mass spectrometry. Enrichment cultures were not tested for acetate concentrations.
Free energy calculations for coal bed conditions. The equation for standard free energy, ⌬G°ϭ V⌬P Ϫ S⌬T (where V is volume and S is entropy), is a function of temperature (T) and pressure (P). Therefore, to calculate ⌬G for the studied system, we calculated a "reference state" (⌬G°P ,T ) matching the in situ temperature and pressure conditions (10.5 atm, 17°C). This calculated reference state is not identical to the standard state of 10 5 Pa and 25°C. The free energies available for in situ microbial reactions, ⌬G, can thus be correctly calculated based on ⌬G°P ,T for the in situ reference state and modifications due to in situ concentrations of substrates and products by using the formula ⌬G ϭ ⌬G°Ϫ RT ln Q, where R is the universal gas constant 8.31
, T is the temperature in kelvins, and Q is the reaction quotient. ⌬G°P ,T values of three microbial reactions (Table 1) were calculated using SUPCRT92 (25) , which uses published thermodynamic data (48) . Calculations of Q involved activity corrections based on the average in situ salinity (3.11 g/liter) determined at pH 8 and an acetate concentration of 4.3 ϫ 10 Ϫ6 M. The ionic strength was 0.054 M, and the resulting activity coefficient ␥ of a single charged species (Davies equation) was 0.773. The molalities of aqueous-phase H 2 (H 2,aq ) and CH 4,aq were calculated using measured pH 2 and pCH 4 in coal gas and the appropriate Bunsen solubility coefficient, dependent on temperature and salinity (10) . The activity coefficient of gaseous species was assumed to be 1; thus, their activities were equivalent to their molalities. The HCO 3 Ϫ activities (aHCO 3 Ϫ ) were calculated based on water physicochemical properties measured in the wells and CO 2 concentration data from fresh coal core desorption, representative of in situ values, by use of PHREEQC software (38) .
The ⌬G value was assigned to be Ϫ15 kJ (per mole of protons) as the minimum amount of energy that a microbial cell requires for each step of the three-step ATP synthase activation, which requires transfer of three protons to generate one ATP (19, 45) . Some authors suggest that anaerobic metabolism can function even at lower levels of available energy near the thermodynamic limits of ⌬G Ϸ 0 kJ (24) . In order to generate free energy plots presenting Ϫ15 or 0 kJ isolines, we used the formula given above: ⌬G ϭ ⌬G°Ϫ RT ln Q. For example, Ϫ15 kJ isoclines for H 2 -utilizing methanogenesis ( ]} (where e is the base of natural logarithm).
The same procedure was used for calculations for reaction no. 2 from Table 1 . For calculation of the isolines ⌬G ϭ Ϫ15 kJ and ⌬G ϭ 0 kJ for reaction no. 3, the acetate concentration, similarly to the example above, was expressed as a function of HCO 3 Ϫ activity.
Nucleotide sequence accession numbers. The 16S rRNA gene sequences determined in this study have been deposited in GenBank under accession no. EU168192 to EU168199 for the representative clones from the methanogenic enrichment (45 clones total sequenced) and accession no. EU168200 to EU168262 for all 65 clones from the filtered coal water sample.
RESULTS
Enrichments. Biweekly headspace analysis of H 2 -utilizing, methanogenic enrichments from two wells showed the presence of methane and comparable methanogenesis rates. To more closely monitor rates of methanogenesis, we measured headspace CH 4 every 6 h in selected enrichments for 4 days after transfer to fresh media. Typically, within 24 to 72 h after 10% enrichment culture transfers to fresh medium, we observed a significant drop in headspace pressure and an increase of the CH 4 to CO 2 ratios caused by consumption of headspace H 2 and CO 2 . Under the microscope, about 80% of all cells from the fourth and subsequent transfers had F420 coenzyme fluorescence. Furthermore, the morphological homogeneity of cells observed under SEM confirmed that the culture was highly enriched and consisted primarily of one morphotype, i.e., spherical cells with a diameter of approximately 0.4 m (Fig. 2) . In enrichments for acetoclastic methanogens, initial low rates of methane generation ceased after the fourth transfer. In the homoacetogenic enrichments, we observed a significant decrease in the H 2 :CO 2 headspace pressure during the first three transfers, although no CH 4 was produced, likely due to the inhibitory presence of 2-bromoethanesulfonic acid. Since our work was focused on methane production rather than a detailed evaluation of C metabolism, we did not measure acetate production and discontinued efforts to enrich acetogens. Phylogeny of the microbial community from coal and methanogenic enrichments. Of the 65 clones analyzed from the coal water sample, 13% were related to various bacteria of the following clades: Alphaproteobacteria, Firmicutes, Bacteroidetes, and Spirochaetes (Fig. 3) . The rest of the clones were Archaea, represented exclusively by close relatives (98 to 100% similarity) of the genus Methanocorpusculum. The relative abundance of archaeal and bacterial clones in our clone library does not necessarily represent the distributions of species in the environmental populations, due to potential PCR bias.
In the methanogenic enrichment, all of the archaeal clones (95% of total) were members of the genus Methanocorpusculum, with 99 to 100% similarity to Methanocorpusculum parvum and slightly lower similarity to Methanocorpusculum labreanum. SEM imaging confirmed the submicron size of the cells, which is a characteristic of the Methanocorpusculum genus (Fig. 2) . The attempts at phylogenetic analysis of acetoclastic enrichment were unsuccessful due to low DNA yields.
Distribution of IPLs in the methanogenic enrichment. The IPL distribution in the methanogenic enrichment culture consists of 73% dialkyl glycerol diethers and 27% glycerol dialkyl glycerol tetraethers (GDGTs). The main compounds forming the cell membrane of our enriched methanogen were (i) diglycosyl-GDGT-phosphatidylglycerol (2-Gly-GDGT-PG) (two glycosyl head groups are attached on one side of the GDGT moiety and a phosphatidylglycerol head group on the other) ( (Fig. 4) . The bacterial lipids were present only in traces (less than 1% of total IPLs), which confirms a high purity of the enrichment.
DISCUSSION
Methanogens of the Illinois Basin. The presence of viable methanogens in coal beds has previously been observed indirectly in incubation experiments from several basins, including low-volatile bituminous coal from Russia (50), Rhine River brown coal from Germany (4), and Ruhr Basin coals in Germany (56) . Previous studies of CH 4 and CO 2 stable isotope ratios suggested that CH 4 was being produced by H 2 -utilizing methanogens in the Illinois Basin coals (53) . In the current study, enrichments from coal waters showed high rates of methane generation and F420 epifluorescence, confirming the presence of abundant methanogens. The submicrometer (0.4-m) size of the predominant morphotype, typical for Methanocorpusculum sp., was revealed by SEM imaging of the enrichment culture (Fig. 2b) . The phylogenetic study of water extracted from the coal bed and the enrichment cultures (Fig.  3) indicated dominance of one archaeal species, Methanocorpusculum parvum. Evidence of Methanocorpusculum parvum as the dominant methanogen is supported by the lipid composition of the cell membranes. The IPL distribution from the enrichment culture includes all the major phospho-and glycolipid components typical of Methanocorpusculum parvum (28), e.g., IPL speciation and the 2:1 ratio of diethers to tetraethers (Fig. 4) . This combination of geochemical and biological evidence unambiguously implicates the presence and activity of close relatives of Methanocorpusculum parvum in the Illinois Basin coals.
Methanocorpusculum was first reported as Methanogenium aggregans in 1985 (37) and was subsequently isolated in 1987 (63) . Recently the complete genome of Methanocorpusculum labreanum has been sequenced and submitted to NCBI (accession no. CP000559). Since the initial discovery, Methanocorpusculum parvum has been found in a variety of anoxic environments, including shales in the Michigan Basin (59), hydrothermally active sediments in the Guaymas Basin (12), river estuary sediments in the United Kingdom (40), a cold polluted pond in Russia (51), waste waters and landfills (21), animal waste storage pits (61) , and as endosymbionts of ciliates (13) . Anoxia, low salinity, and moderate temperatures are common characteristics of all described Methanocorpusculum niches. For example, in organic-matter-rich shales in the Michigan Basin there is a gradual shift toward more halophilic methanogens along a salinity gradient; Methanocorpusculaceae were found in large numbers only in formation waters and enrichments with lower than marine (ϳ19 g/liter) chlorinities of 0.7 to 8.1 g/liter, with smaller numbers in enrichments with chlorinities of 17.8 and 26.6 g/liter (59) . Similarly, in the estuary of the Colne River, United Kingdom, Methanocorpusculum was observed only in freshwater and brackish sediments (Ͻ1 g/liter salinity) and not under estuarine or marine conditions (40) .
Methanocorpusculum sp. can be considered a psychrotolerant mesophile, found at temperatures as low as 1°C, although it grows optimally from 25 to 35°C (51). High temperatures Core lipids were GDGT and AR. Polar head groups were mono-and diglycosyl, PG, TMAPT, Gly-GlyA (tentatively identified glycosyl-glycuronic acid), and TMAPT(tentative) (tentatively identified derivative of TMAPT with a similar fragmentation pattern and a 14-Da-higher mass). misc., miscellaneous.
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(ϳ90°C) that existed in the coalification stage about 310 million years ago most likely sterilized the Illinois Basin coals and removed the preburial microbial community associated with the peat bog stage. The erosional uplift of coal beds followed by post-and interglacial dilution of the original basinal brines, from typical original values of around 50 g/liter (54) to presentday values of approximately 5 g/liter, allowed shallow coals to be inoculated with microbial communities capable of methanogenesis (Fig. 1) . The chemical conditions of coal water combined with in situ temperatures of ϳ17°C created a habitable niche for Methanocorpusculum sp. Biodegradation of coal OM and production of substrates for methanogenesis by complex microbial consortia. The aromatic structures of coal derived from cellulose and lignin are often interlinked by oxygen bridges and contain numerous oxygencontaining moieties (e.g., carboxyl, hydroxyl, or ketone functional groups) (Fig. 5) . Although Indiana high-volatile bituminous B and C coals are considered moderately mature (vitrinite reflectance R o of 0.6%), they still contain ϳ8% weight of oxygen in the coal OM. These oxygen linkages and functional groups can be targeted by fermentation, providing important intermediates of OM degradation, such as succinate, propionate, acetate, CO 2 , and H 2 .
While we recognize that the limited number of clones recovered from the coal waters and enrichments likely do not represent a comprehensive picture of the complexity of the in situ populations responsible for organic carbon metabolism, we can nonetheless use the clone libraries to develop simplified and hypothetical mechanisms for the degradation of OM in the coal beds. Fragmentation of the oxygen-interlinked geomacromolecular structure of coal could potentially be performed by the clones associated with Sphaerochaeta (Fig. 5) . Related organisms from the Spirochaetes phylum are known as plantpolymer fermenters in bovine rumen fluids (39) and can also degrade higher plant-derived polymers, such as xylan, pectin, and arabinogalactan. Bacteroidetes, including some species of Cytophaga and Flavobacterium, are capable of anaerobic degradation of cellulose, proteins, and polysaccharides in methanogenic enrichments of freshwater sediments as well as polyaromatic hydrocarbons (15, 41) . Additionally, some representatives of the Firmicutes found in our clone library, e.g., Sporomusa, can demethylate aromatic compounds, a key reaction preceding cleavage of aromatic rings (32) . Acidoaminococcus sp., closely related to our recovered Sporomusa clones, can ferment simple amino acids as a sole energy source (42) . This organism could then potentially participate in the recycling of microbial biomass in the coal ecosystem. The potential role of Rhodobacter (Alphaproteobacteria) (49) in the coal beds is not known.
Another possible carbon substrate for ultimate generation of methane precursors could be oil dispersed in the coal as micron-sized droplets. Well-known participants in oil biodegradation are microbes from the Cytophaga and Flavobacterium group (41) found to grow on n-hexane. Anaerobic oxidation of FIG. 5 . Proposed mechanisms of stepwise biodegradation of OM in coal, annotated with microbes related to those found in the clone library and potentially capable of performing the indicated processes: (i) defragmentation of coal geomacromolecular structure predominately by fermentation targeted at oxygen-linked moieties and oxygen-containing functional groups (this process detaches some of the oxygen-linked aromatic rings and generates some short organic acids); (ii) anaerobic oxidation of available aromatic and aliphatic moieties, derived from coal defragmentation or from dispersed oil; (iii) fermentation of products available from step i described above to H 2 , CO 2 , and acetate; and (iv) methanogenesis utilizing H 2 and CO 2 likely predominating over homoacetogenesis and acetoclastic methanogenesis. The dark area represents a droplet of oil. The molecular model of coal is adapted from reference 43.
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ILLINOIS BASIN METHANE-PRODUCING MICROBIAL COMMUNITY 2429 aliphatic compounds in the oil droplets or present as aliphatic side chains of the aromatic coal matrix may lead to production of CO 2 , which could ultimately serve as the carbon source for CH 4 production by H 2 -utilizing methanogens. Although the proposed pathway (Fig. 5) for biodegradation of organic C in the coal beds is highly speculative, it is consistent with our results and can be tested in future studies. Free energy considerations for coal bed methanogenesis. In subsurface coal beds, H 2 is typically found in concentrations so low (H 2,aq of ϳ10 Ϫ8 mol/liter) that it can be considered the rate-limiting factor for H 2 -based methanogenesis. Microbial fermentations that produce H 2 are therefore an important link in the sequential biodegradation of coal. Syntrophic relationships between fermenting microorganisms and H 2 -utilizing methanogens have been documented previously, and the low pH 2 maintained by methanogenesis can create exergonic conditions for otherwise energetically unfavorable fermentations (44) .
In order to evaluate the possible scenarios leading to terminal coal OM biodegradation, we examined the free energy balances of several possible microbial reactions. In addition to H 2 -based methanogenesis, we explored the potential role of homoacetogenesis in tandem with acetoclastic methanogenesis as the terminal OM degradation process. Since homoacetogenesis utilizes the same substrates as CO 2 /H 2 -utilizing methanogenesis, these two microbial reactions may compete, and the in situ conditions should select the more energetic system. As depicted in Fig. 6 , our calculations show that H 2 -utilizing methanogenesis should be more energetically favorable at lower CO 2 and H 2 concentrations. Nonetheless, an important role for homoacetogenesis cannot be ruled out. Experimental observations that may support the latter possibility are (i) the two clones related to Sporomusa, a homoacetogen, in the clone library and (ii) the decrease in the H 2 :CO 2 headspace pressure without methane in the initial homoacetogen-targeted enrichments. Since we discontinued enrichment of acetogens to better focus our efforts on methanogens, the role of acetogens or other possible H 2 -utilizing bacteria, e.g., sulfate reducers, is unknown. It should be noted, however, that known sulfate reducers were not observed in the clone library.
An alternative source of acetate for acetoclastic methanogenesis could be fermentative degradation of coal OM. Very low concentrations of acetate in the coal waters could imply active acetate consumption. Despite the low free energy yield (ϳϪ5 kJ) ( Table 1 ; Fig. 6 ), the potential for acetoclastic methanogenesis is supported by our initially successful acetoclastic enrichments. Another potential acetate sink could be syntrophic acetate oxidation to CO 2 and H 2 , which has been documented in some methanogenic environments (36, 46) , but our clone library contains no known acetate oxidizers and the process is highly endergonic (ϩ15.1 kJ) under extant in situ conditions. All of the available stable isotopic (53), microbiological, phylogenetic, and thermodynamic data suggest that the importance and contribution of acetoclastic methanogenesis to bulk methane generated in the studied coal beds are minor. Overall, our studies conclude that past and ongoing biodegradation of coal and coal-derived oil followed predominantly by H 2 -utilizing methanogenesis by members of the Methanocorpusculum genus contribute to the significant CBM reserves along the eastern margins of the Illinois Basin. Table 1 .
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